Introduction
The ability to profile gene expression on a genomic scale has facilitated rapid progress in identifying molecular pathways associated with human malignancies and other diseases. 1, 2 Many of these studies have relied on tumor and other biopsy material from affected and unaffected individuals. However, such tissues are not always readily available for harvesting, and procurement can be expensive and invasive.
We, and others, have recently explored the use of peripheral blood cells as a readily 'biopsied' source of material for gene expression analyses in human disease. [3] [4] [5] [6] [7] Our work to date has focused on the examination of blood cells in patients with rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE). 5 RA is a chronic, inflammatory arthritis associated with progressive damage to synovial joints together with extraarticular manifestations. 8 SLE is a systemic autoimmune disorder characterized by autoantibodies that damage organs such as the skin, kidneys, joints, lungs, various blood elements, and the central nervous system. 9 The severity of disease, the spectrum of clinical involvement, and the response to therapies are highly variable among patients with both diseases, leading to significant challenges in diagnosis and management. Our gene expression studies were initiated with the hope of identifying new biomarkers to help guide the treatment of these disorders, as well as novel therapeutic targets.
During the course of these experiments, we identified several variables inherent to gene profiling in peripheral blood mononuclear cells (PBMCs) that have significant potential to influence data interpretation. These include differences in peripheral blood cell populations, circadian and/or cyclic hormonal influences on gene expression, as well as issues relating to the handling of samples ex vivo prior to the extraction of RNA. Here, we focus on the latter, and describe experiments performed to address the issue of the sensitivity of blood cell gene expression to ex vivo handling prior to RNA isolation and subsequent microarray or real-time PCR analyses. These experiments identify many genes that are sensitive to ex vivo incubation, suggesting that caution should be exercised before assigning roles for these genes in disease pathophysiology.
Results
In a recent study, we isolated RNA from the PBMCs of 48 SLE patients and 42 controls and then performed Affymetrix microarrays to identify differentially expressed genes. 5 During data analysis, we noticed clusters of genes that were strongly up-and downregulated specifically in samples where there was a significant delay in blood cell processing. Some of the genes in the upregulated cluster included early response genes such as junB, v-fos, and immediate early response 3, as well as heat shock genes and others. Figure 1 shows unsupervised hierarchical clustering of genes that best discriminated normal control samples that were processed immediately after blood draw (0 h) from samples where blood was collected at an outlying clinic and then sent by overnight carrier to the laboratory (Figure 1a -O/N). Included in this cluster is one blood sample that was incubated overnight in the laboratory at room temperature and processed the next day (O/N*).
An intermediate gene expression signature was also observed in samples that were either drawn locally and delivered to the laboratory by courier, or drawn in the lab but not processed immediately (Figure 1a-2 h þ ) . Other controls, from whom blood was drawn fresh in the laboratory and processed immediately (within 30 min), clustered separately from the samples that experienced a delay in processing (Figure 1a-0 h ).
These data suggested the possibility that the expression of some genes in blood cells might be sensitive to the amount of time elapsed between blood draws and processing of the samples. When the same set of controls was clustered using genes that were absent from the ex vivo incubation signature, the samples no longer clustered according to their time delay in processing ( Figure 1b) .
We next designed a formal experiment to identify the genes that undergo significant changes in gene expression when blood cells are incubated for extended periods of time ex vivo (Figure 2a ). Blood was drawn from eight healthy control individuals. Four of these controls were recruited and drawn at the University of Minnesota, while the other four were recruited and drawn at North Shore Long Island Jewish Research Institute. At each site, PBMCs were isolated immediately from two CPT tubes and resuspended in RNAlater s (Ambion, Austin, TX, USA). RNAlater s is a stabilizing solution that permeabilizes cells and protects the mRNA from degradation. The RNA preserved in RNAlater s and two additional CPT tubes containing whole blood were then shipped overnight to the collaborating laboratory. PBMCs were isolated from the overnight-shipped CPT tubes, and RNA was then extracted from both samples and prepared for hybridization according to a standard Affymetrix protocol (see Materials and methods). Thus, from each of eight controls we obtained global gene expression profiles both from a fresh PBMC sample and from PBMCs isolated from blood shipped overnight, with both samples representing the same blood draw.
The array data were processed using Affymetrix Microarray Suite 4.0 software. Unsupervised hierarchical clustering of the 6414 genes found to be expressed in PBMCs demonstrated that the gene expression profiles of fresh samples were strikingly different from the Figure 1 Delays in blood processing result in significant changes in gene expression. (a) PBMC samples from normal subjects were processed for microarrays immediately after isolation (0 hr), with a delay of 2 h or longer (2 hr þ ), or following overnight incubation of the sample (O/N). Hierarchical clustering was then used to visualize expression levels for a subset of 100 genes that were found to be dysregulated in overnight samples (Po0.01 by paired t-test). This analysis resulted in the segregation of samples according to the time delay in processing of blood. SSB/LA, Sjogrens syndrome antigen B; ICAM2, intercellular adhesion molecule 2; TCRa, T-cell receptor alpha; LAT, linker for activation of T cells; EGR1, early growth response 1; VEGF, vascular endothelial growth factor; TIEG, TGF-beta inducible early growth response; IER3, immediate early response 3. (b) Clustering of the same samples as shown in panel a, using a subset of 100 genes that showed no significant changes in expression level after ex vivo incubation of blood. MAP2K1, mitogen-activated protein kinase kinase 1; SLC9A3, solute carrier family 9, isoform 3; IFNGR2, interferon g receptor 2; CKAP1, cytoskeleton-associated protein 1; LGALS8, galectin 8; NUP214, nucleoporin 214 kDa.
profiles of samples shipped overnight (Figure 2b ). In fact, the clustering program completely segregated fresh samples from their overnight counterparts. We conclude that many genes expressed in blood cells are very sensitive to ex vivo sample processing.
A paired t-test comparing the gene expression profiles of fresh blood vs blood shipped by overnight carrier identified 2034 genes that undergo significant changes in expression under these environmental stresses (Po0.01, Figure 2c ). The majority of these genes exhibited an average fold change of less than 6 (increase or decrease), although several genes underwent even more dramatic changes in expression (Figure 2d ). The array analysis program SAM (Significance of Microarrays 10 ) similarly identified 97% of these 2034 genes as differentially expressed between the two groups. Genes that were differentially expressed in the overnight samples belong to a variety of biological pathways ( Figure 3) . Many of these genes are known to participate in stress-induced pathways: immediate early genes, early growth response genes, heat shock proteins, etc. For example, the oncogenes jun and fos are stress-responsive, 11 and were expressed at many-fold higher levels in the overnight-shipped samples as compared to the fresh samples. We also observed elevated expression of the protein phosphatase DUSP1, which is upregulated during conditions of oxidative stress and heat shock. 12 Vascular endothelial growth factor (VEGF) also participates in stress responses 13 and showed higher expression levels after overnight incubation of blood. Other known stress-response genes found to be upregulated during overnight shipment included TGF-beta-inducible early growth response gene (TIEG) and growth arrest and DNA-damage-inducible alpha (GADD45A) and beta (GADD45B).
Many of the genes sensitive to ex vivo incubation are involved in basic cellular processes such as transcriptional regulation, cell cycle progression, and apoptosis. The transcriptional regulator nuclear factor kappa-B (NFKB) activates the transcription of many downstream genes that mediate inflammatory responses.
14 Two proteins that inhibit activation of NFKB (NFKBIA and NFKBIE) were increased in expression in the overnight samples, while NFKB2 (a subunit of the NFKB complex) was downregulated (Figure 3-Transcription) . Other notable transcription factors in the list of differentially expressed genes include the signal transducer and activator of transcription (STAT) family members STAT1 and STAT4, and the breast and ovarian cancer susceptibility gene BRCA1.
The cell division cycle (CDC) proteins in yeast carry out various functions promoting progression of the cell cycle. 15 Two human homologs of this family, CDC23 and CDC42, were dysregulated in the overnight-shipped blood samples (Figure 3-Cell Cycle) . In addition, two cyclin-dependent kinase inhibitors (CDKN1A and CDKN2D), which regulate cell cycle progression through G1, were also differentially expressed. Transcripts for three members of the origin recognition complex (ORC2L, ORC3L, and ORC5L), which is essential for the initiation of DNA replication, were found at lower levels in the overnight samples.
Several genes that promote Fas-dependent apoptosis were decreased in expression after overnight incubation (Figure 3-TNF-related, Apoptosis) . Interaction of the death receptor Fas with its ligand (FasL/TNFSF6) initiates apoptosis in many cell types, including lymphocytes. Both the receptor and its ligand are candidate contributory genes in SLE, as mutations in either of these genes result in autoimmunity in mouse models of SLE. 16, 17 Expression of FasL was decreased in the overnight samples relative to the fresh samples. Fasassociated via death domain (FADD), an important adaptor protein in the signaling pathway downstream Figure 3 Functional classification of selected genes whose expression is sensitive to overnight ex vivo incubation of blood. Following the gene symbol is the average linear fold change (increase or decrease) of eight overnight samples vs eight fresh samples. In parentheses is the Pvalue from a paired t-test. Bars represent log 2 of the average fold change. of this receptor, also showed decreased expression. Interaction of FADD with the Fas receptor leads to activation of the caspase proteolytic cascade. Caspase 10 (CASP10), one of the earliest cysteine proteases in the cascade, was downregulated in overnight samples. Importantly, many of the genes found to be sensitive to ex vivo stress encode proteins that perform functions essential to the immune response. In particular, the T-cell signaling molecules LCK (lymphocyte-specific protein tyrosine kinase), FYN (FYN oncogene related to SRC, FGR, YES), and SLAM (signaling lymphocytic activation molecule) were expressed at lower levels in the overnight samples (Figure 3-Immune Signaling) . Transcripts for two key regulators of inflammatory signaling (IKBKAP and IKBKB) were also decreased in overnight samples. The majority of the cytokines and chemokines that were differentially expressed exhibited decreased expression in overnight samples; notable exceptions include IL8 and IL6, which were dramatically upregulated (Figure 3 -Cytokines/Chemokines and Receptors). Many receptors for cytokines and chemokines were also among the differentially expressed genes. Other important cell surface proteins include the complement receptors CR2 and C3AR1, the autoantigen SSA1, tolllike receptor TLR1, and the T-cell receptor alpha and gamma chains (Figure 3 -Cell Surface Proteins/Receptors). In addition, the expression of many TNF-related genes was sensitive to ex vivo incubation time. TNF itself was expressed at increased levels in overnight samples, while several other members of the TNF and TNFR superfamilies were downregulated.
These data indicate that a variety of signaling pathways are activated in peripheral blood cells following overnight shipment. We also saw evidence for these changes in samples that were drawn locally but processed two or more hours after blood draw (Figure 1b) , suggesting that the problem is not simply one of overnight shipment. To test this, we used quantitative real-time RT-PCR to measure gene expression levels from blood drawn into CPT or EDTA tubes and incubated on the lab bench for 0, 2, 6, 12, 24, and 48 h. This allowed us to observe gene expression changes in PBMCs (isolated from CPT tubes) as well as total white blood cells (isolated from EDTA tubes). We observed significant changes in the expression of many genes over this time course (Figure 4) . In some cases, changes were already apparent at the earliest timepoint measured (2 h post-draw), and the trends generally continued throughout the period of measurement. The surface glycoprotein ICAM1 (intercellular adhesion molecule 1; CD54) and the amino-acid transporter SLC7A5 (solute carrier family 7, member 5) were dramatically upregulated throughout the course of the experiment, particularly in total white blood cells. The cytokine interleukin-16 (IL-16) was downregulated during the period of incubation, while the expression of cytokine IFN-Gamma (interferon-gamma) was highly variable over the time course. These results suggest that significant stress responses occur as early as 2 h after blood draw and can influence gene expression data in real time RT-PCR quantitative gene expression experiments.
Discussion
Gene expression profiling in the blood cells of patients has the potential to advance our understanding of many human diseases, both by providing biomarkers to better diagnose and clinically manage these disorders, and by suggesting new therapeutic targets. Diseases characterized by inflammation and by activated immune responses are obvious targets for initial experiments, and indeed a number of groups, including our own, have initiated such studies. 3, 5, 18, 19 In order for the information from peripheral blood cell gene expression to be optimally useful for translational clinical studies, it will be important to attempt to control as many variables as possible. Many factors are known to dynamically influence the numbers and function of peripheral blood cells and the relative proportions of cells at a given point in time. For instance, some disease states such as SLE are characterized by lymphopenia, 20 while infectious diseases are often characterized by changes in the percentages of WBC subsets in blood (eg increased neutrophils in bacterial diseases, increased lymphocytes in viral diseases). Since microarrays are sensitive to the percentages of cell types in a sample, rather than the raw cell number, one would ideally like to control for the composition of the cell subsets in blood at the time of the blood draw. We now routinely obtain a complete blood count (CBC) at the time of the blood draw, and additionally perform flow cytometric analysis on samples to quantify all major cell subsets. We are also working to develop analytic approaches to deal with the heterogeneity in cell populations that take cell subset information into account. Some key issues regarding normal variability in blood cell gene expression profiles have been recently addressed. 4 The experiments described here identify a large number of genes that show significant changes in gene expression after overnight shipping of whole blood. The majority of these transcripts are present at lower levels in the samples that were shipped overnight, compared with fresh samples. This could reflect the onset of mRNA decay, resulting in fewer intact transcripts and thus a reduced level of expression relative to fresh samples. Alternatively, this may represent negative regulation of transcription as an active response to cellular stress. Our data also suggest that many of these same genes are dysregulated by much shorter ex vivo incubations of blood, as short as 1-3 h. We believe that this point underscores the extreme sensitivity of blood cells to ex vivo handling. As many of the genes upregulated by ex vivo handling of samples are also potentially involved in inflammatory responses, it is possible that genes may be falsely implicated in disease states. For this reason, we previously chose to exclude these 'ex vivo stress' genes from our PBMC datasets when comparing SLE with control samples. 5 Recently, methods have been developed to stabilize peripheral blood cell mRNA immediately at the time of blood draw. 21 Our recent experience with the PAXgene tube system (Qiagen/Becton-Dickinson) (unpublished data) suggests that this method has significant potential to circumvent issues relating to changes in blood cell gene expression after prolonged incubation of blood ex vivo.
Materials and methods
Sample processing and chip hybridization Following informed consent, approximately 30 ml of blood was drawn from normal donors into four Vacutainer CPTt tubes (mononuclear cell preparation tubes, Becton-Dickinson, Franklin Lakes, NJ, USA). Two of the tubes were processed immediately, and the freshly isolated PBMCs were placed in RNAlater s . These PBMCs, with their RNA preserved in RNAlater s , and the two unprocessed tubes were sent overnight to the corresponding institution. PBMCs were then isolated from the unprocessed tubes and RNA was isolated from all samples using Trizol (Gibco-BRL, Invitrogen, Carlsbad, CA, USA), followed by RNeasy s cleanup (Qiagen, Valencia, CA, USA). In all, 5-10 mg of total RNA was used to prepare biotinylated cRNA for hybridization using a standard Affymetrix protocol (Expression Analysis Technical Manual, Affymetrix, Inc., 2000). A measure of 10 mg of each labeled cRNA were used for hybridization.
Data processing
After scanning the array, Affymetrix Microarray Suite (MAS) 4.0 software was used to generate expression values (referred to as an 'average difference', or AD) for each gene. Raw data for the 6414 genes expressed in PBMCs are provided in Web Table A (see Supplementary  Information ). Each chip was scaled to an overall intensity of 1500 to correct for minor differences in overall chip hybridization intensity, and to allow comparison between chips. A threshold of 20 AD units was assigned to any gene that was called 'Absent' by MAS. Furthermore, any gene with an AD less than 20 was also assigned this threshold. Processed microarray data are provided in Web Table B (see Supplementary Information) .
Comparison analyses and hierarchical clustering
The individual gene expression levels of fresh samples and overnight-shipped samples were compared using a paired Student's t-test. We identified 2034 genes that exhibited significant differences in gene expression between the two groups (Po0.01). In total, 97% of these genes were also called significant by SAM, 10 which identified a total of 2254 genes as differentially expressed (d ¼ 2.0, median number of false positives ¼ 29.7). Hierarchical clustering was performed using Cluster and visualized using TreeView. 22 Before clustering, the expression level for each gene was divided by the mean expression level of the fresh samples. The log 2 of this ratio was used for input into the clustering program.
Kinetic RT-PCR Whole blood from each donor was collected into five CPTt tubes (Becton-Dickinson), and the tubes were inverted eight times immediately after collection. For 0 h samples, the peripheral mononuclear cells (PBMCs) were prepared immediately (see below). For other samples, whole blood was stored in CPTt tubes after collection at room temperature for 3, 6, 12 and 24 h with gentle shaking until processed. CPTt tubes were centrifuged at 1500-1800 RCF for 30 min at room temperature, and the plasma and PBMC layers were mixed and poured into a 15 ml Falcon tube. PBMCs were washed twice with phosphate-buffered saline (PBS) and resuspended in 600 ml of RLT buffer (RNeasy s kit, Qiagen). RNA was then extracted using the RNeasy s mini kit with an oncolumn DNase treatment (30 min). Total RNA was quantified using the RiboGreen s Quantitation assay (Molecular Probes, Eugene, OR, USA), and the integrity of the RNA was confirmed by agarose gel electrophoresis and subsequent staining with SYBR s Gold (Molecular Probes). In all, 5 ng of total RNA was used in each RT-PCR reaction on the ABI Prism s 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA). PCR conditions were described previously. 23 The data from this experiment are available in Web Table C (see Supplementary Information) .
